Class IA phosphoinositide 3-kinases (PI3Ks) are signaling enzymes with key roles in the regulation of essential cellular functions and disease, including cancer. Accordingly, their activity is tightly controlled in cells to maintain homeostasis. The formation of multiprotein complexes is a ubiquitous mechanism to regulate enzyme activity but the contribution of protein-protein interactions to the regulation of PI3K signaling is not fully understood. We designed an affinity purification quantitative mass spectrometry strategy to identify proteins interacting dynamically with PI3K in response to pathway activation, with the view that such binding partners may have a functional role in pathway regulation. Our study reveals that calpain small subunit 1 interacts with PI3K and that the association between these proteins is lower in cells stimulated with serum compared to starved cells. Calpain and PI3K activity assays confirmed these results, thus demonstrating that active calpain heterodimers associate dynamically with PI3K. In addition, calpains were found to cleave PI3K proteins in vitro (resulting in a reduction of PI3K lipid kinase activity) and to regulate endogenous PI3K protein levels in vivo. Further investigations revealed that calpains have a role in the negative regulation of PI3K/Akt pathway activity (as measured by Akt and ribosomal S6 phosphorylation) and that their inhibition promotes cell survival during serum starvation. These results indicate that the interaction between calpain and PI3K is a novel mechanism for the regulation of class IA PI3K stability and activity.
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lipid signaling | proteomics | quantitative analysis C lass IA phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinase signaling enzymes that act downstream of Ras, tyrosine kinase receptors, and G-protein coupled receptors. They control key cellular functions, including survival, growth, proliferation, migration, and metabolism, many of which are regulated through the downstream effector Akt (also known as protein kinase B) (1) (2) (3) .
PI3K signaling must be tightly regulated in cells to ensure efficient metabolism, survival, and orderly growth. The importance of appropriate regulation of this pathway is illustrated by the observation that malfunction of the PI3K/Akt pathway can lead to conditions as diverse as the metabolic syndrome, autoimmune diseases, neurodegeneration, and cancer (4) (5) (6) (7) (8) . Cells have therefore evolved multiple mechanisms to regulate the activity of the PI3K/Akt axis. The most well known of these involves the activities of lipid phosphatases, such as phosphatase and tensin homolog (PTEN), which dephosphorylate phosphatidylinositol (3,4,5)-triphosphate, the lipid product of class IA PI3K, to produce phosphatidylinositol (4,5)-biphosphate (9) . Inactivation of PTEN, as a mechanism to evade PI3K pathway control, is a common occurrence in cancer (9) . The pathway is also regulated by protein phosphatases, such as protein phosphatase 2A (PP2A), which dephosphorylate and inactivate Akt (10), and by negative feedback loops that terminate the activation signal, as exemplified by the phosphorylation and subsequent degradation of insulin receptor substrate 1 by mammalian target of rapamycin complex 1 (mTORC1) (11) .
Signaling activity is often regulated by the formation of multiprotein complexes that serve to modulate enzymatic activity allosterically and/or to position proteins in their appropriate subcellular location (12, 13) . Regulation of signaling processes by protein-protein interactions is gradually being elucidated for several signaling nodes including ERK (14) , Akt (15) , and mTOR (16, 17) , to cite some examples. However, the extent by which protein-protein interactions may modulate the activity of PI3K enzymes is currently underexplored. It is known that binding of p85 to p110 leads to a decrease in the lipid kinase activity of p110 in vitro (18) . However, whether p85 regulates p110 activity dynamically in vivo is not clear as this interaction is very strong and both subunits are constitutively bound in cells (19) . Ras binding to the p110α subunit was deduced by structural analysis and, although this interaction is known to be critical for some PI3K functions (20, 21) , it does not survive biochemical purification, indicating that it is a weak and transient interaction. A number of other proteins have been reported to bind p85 including SH2 domain-containing inositol 5' phosphatase (22) , ezrin (23), Src family members (24) , and the PTEN-associated complex (25) . However, the potential roles, if any, of these binding partners in the regulation of PI3K have not been investigated extensively.
Here, we aimed to identify previously unknown PI3K interaction partners with a functional role in controlling the activity of the pathway. We reasoned that binding partners with an active function in modulating signaling would bind PI3K at different stoichiometries in cells with an active pathway relative to those in which the pathway was inactive. An affinity purification mass spectrometry (AP-MS) strategy (Fig. 1A) , inspired by that described for the identification of epidermal growth factor receptor signalosomes (26) , was designed to quantify binding partners of class IA PI3K in starved cells relative to cells treated with serum. These analyses identified calpain small subunit 1 (CAPNS1) as a unique dynamic interaction partner of PI3K that was preferentially in complex with p85 in starved cells. Subsequent investigations confirmed that enzymatically active calpain associated with the PI3K protein complex and that this association correlated with PI3K activity. Furthermore, calpain 1 and calpain 2 were found to cleave the p110α isoform of PI3K and to reduce its PI3K lipid kinase activity. Subsequent functional experiments revealed that calpains have a negative role in the regulation of PI3K/Akt signaling and that their inhibition promotes cell viability during serum starvation.
Results

AP-MS Study Suggests That CAPNS1 Interacts with PI3K in NIH 3T3
Cells as a Function of Pathway Activation. We used a quantitative AP-MS strategy to identify interaction partners of PI3K (Fig. 1A) . Protein complexes were immunoprecipitated from approximately 8 × 10 6 NIH 3T3 cells using a mixture of two antibodies against the p85 regulatory subunit of PI3K (antibodies raised against the N-terminal SH2 domain and full-length p85). Mild cell lysis conditions (0.3% CHAPS) were used to maximize the chances of retaining weak protein-protein interactions. This approach was selected because we wished to investigate interaction partners of endogenous PI3K without the need to overexpress the protein bait. Purified PI3K protein complexes were then fractionated using 1D SDS-PAGE and subjected to in-gel trypsin digestion prior to liquid chromatography (LC)-MS and LC-MS/MS. PI3K protein complexes were purified and analyzed from cells that were serum starved for 18 h ("starved") and from cells that were serum starved for 18 h followed by a 5-min stimulation with 10% FBS ("stimulated"), resulting in low and high PI3K/Akt pathway activity, respectively. A quantitative approach was taken to identify candidate binding partners of PI3K. Proteins present in equal abundance in immunoprecipitates (IPs) under both conditions were considered to be nonspecific or constitutive interactors and were not investigated further. We focused our attention on proteins that interacted dynamically with PI3K upon serum-induced pathway activation because we considered that they may have potential functional roles in the regulation of PI3K signaling. Three biologically independent experiments were performed.
Hundreds of proteins were identified and quantified across the study, with an average of 193 proteins found per experiment. Of these, 81 proteins were identified and quantified in all three replicates (Table S1 ). We used rigorous criteria for both protein identification and quantification to identify potential dynamic binding partners of PI3K: First, proteins had to be identified in IPs with a minimum of three peptides and a MASCOT score of 40; second, proteins had to be identified and quantified across the three independent replicates; third, the average log 2 -fold difference of protein abundance in IPs obtained from starved and stimulated cells had to be < − 1 or >1 (i.e., twofold); fourth, the quantitative difference had to be statistically significant (p < 0.05 as assessed by the Student t test). Three proteins met these criteria (highlighted in Fig. 1B ). Of these, CAPNS1 was identified in PI3K protein complexes in all three experiments ( Fig. 1C and Table S2 ) and was found at lower abundance in serum-stimulated cells relative to starved cells, with a mean log 2 -fold difference of 1.45 (SD ¼ 0.31; p ¼ 0.010) ( Fig. 1 D and E) . The PI3K subunits p85α, p85β, p110α, and p110β were also identified and quantified in all three experiments and were found to be present in equal abundance under both conditions ( Fig. 1E and Table S2 ). Calpains are a family of calcium-dependent cysteine proteases (27) , of which the ubiquitously expressed isoforms calpain 1 and calpain 2 are the most extensively studied. Both isoforms are heterodimers comprised of a common 28-kDa regulatory subunit and an 80-kDa catalytically active subunit (27) . The activation and regulation of calpain activity in vivo is not well understood, although it is an abundant protein with limited proteolytic activity and therefore it is assumed to be tightly regulated (28) . Calpains are thought to cleave proteins at highly specific recognition sites, although no consensus cleavage sequence has been identified. Instead, secondary structural features may be more important recognition factors for the protease (27, 29) . Calpain activity most frequently results in the production of large polypeptide fragments, suggesting that it is more likely to have a role in regulating substrate activity than in substrate digestion (29, 30) . Reflecting the diversity of their substrates, calpains have been implicated in the regulation of multiple biological processes including apoptosis, autophagy, proliferation, and migration (28, 31) .
Calpain and PI3K Interact Dynamically. Given the important role of calpains in cell signaling, we next sought to confirm the interaction between PI3K and calpain using independent methods. Because of the sensitivity limitations of the available antibodies against calpains for immunoblotting, published studies have used activity assays to investigate calpain expression in cells (32, 33) . We thus pursued this strategy to test the PI3K-calpain interaction further. PI3K was immunoprecipitated from starved and serumstimulated NIH 3T3 cells using antibodies against the p85 regulatory subunit of PI3K. Total cell lysate (TCL) and PI3K IPs were then subjected to an in vitro assay for calpain protease activity ( Fig. 2A) . Calpain activity was detectable in both TCL and p85 IPs. Calpain activity levels were not found to be significantly different in starved or stimulated NIH 3T3 TCL ( Fig. 2A) . In contrast, calpain activity in p85 IPs was found to be decreased upon serum stimulation ( Fig. 2A) .
To investigate the PI3K-calpain interaction further, calpain was immunoprecipitated from starved and serum-stimulated NIH 3T3 cells using antibodies against calpain catalytic subunit proteins, including calpain 1 and calpain 2. Purified proteins were then subjected to an in vitro lipid kinase assay for PI3K activity (34) . PI3K activity was detectable in calpain IPs from cells serum starved for 18 h and was found to be reduced by approximately 60% upon serum stimulation (Fig. 2B) . Furthermore, PI3K activity in calpain protein complexes was found to be higher after 18 h serum starvation compared to 8 h serum starvation (Fig. 2C) . Thus, in line with observations from the AP-MS study (Fig. 1) , these results indicate that the interaction between calpain and PI3K is enhanced in response to serum starvation and decreased upon cell stimulation that leads to an activation of PI3K signaling.
Calpain 1 and 2 Cleave p110α and p85 and Reduce PI3K Enzymatic Activity. We next determined the effects of calpain activity on PI3K protein stability and activity. PI3K proteins were immunoprecipitated from NIH 3T3 cells using antibodies against the p85 regulatory subunit and used as substrate for an in vitro calpain activity assay. Purified calpain 1 and calpain 2 proteins were used as the protease source. Western blot (WB) analysis revealed that calpain 1 and calpain 2 cleaved p110α completely, whereas p85 was partially cleaved by both calpain 1 and calpain 2 (Fig. 3A) . Conversely, the effect of calpain activity on the stability of p110β was negligible (Fig. 3A) . These results demonstrate that calpain can cleave PI3K proteins in vitro and suggest that calpain may have a role in p110α stability in vivo.
The activity of calpain-cleaved PI3K proteins was evaluated by immunoprecipitating PI3K proteins (using antibodies against p85) from NIH 3T3 cells and subjecting them to an in vitro protease digestion using purified calpain, followed by a lipid kinase assay for PI3K activity. Results demonstrated that cleavage of PI3K proteins resulted in a decrease in lipid kinase activity of approximately 50% (Fig. 3B) , indicating that cleavage of p110α by calpains results in a decrease of its lipid kinase activity.
We then investigated the effects of endogenous calpain activity on the stability of PI3K proteins in vivo. Calpain activity in serumstarved NIH 3T3 cells was inhibited with siRNA for CAPNS1 for 48 h (Fig. S1 ). WB analysis revealed that p110α levels were significantly increased by approximately 50% in cells with reduced calpain activity compared to control cells, whereas p110β levels Fig. 2 . Confirmation that the calpain-PI3K interaction is dynamically regulated. (A) Total cell lysates (n ¼ 3) and purified protein complexes (n ¼ 4) were subjected to an in vitro protease assay for calpain activity after serum starvation for 18 h and serum stimulation for the indicated times. *below, below limit of assay detection; ns, not significant; *, p < 0.05. An in vitro lipid kinase assay was used to detect PI3K activity in calpain immunoprecipitates from (B) cells serum starved for 18 h followed by serum stimulation as indicated (n ¼ 3) and (C) cells serum starved for 8 or 18 h (n ¼ 2). **, p < 0.01. Fig. 3 . Effects of calpain activity on PI3K stability and lipid kinase activity. PI3K subunits were immunoprecipitated from NIH 3T3 cells and used as substrates for an in vitro protease digestion using purified calpain isoforms 1 and 2. (A) WB analysis of digested PI3K subunits (one representative experiment of three) and (B) lipid kinase assay for PI3K activity of digested PI3K subunits (n ¼ 4). **, p < 0.01. (C) Levels of p85, p110α, and p110β were measured by WB in NIH 3T3 cells subjected to siRNA knockdown for 48 h using CAPNS1 or scrambled siRNA followed by 18 h serum starvation (n ¼ 3). A representative experiment and mean AE SEM (normalized to α-tubulin) are shown in top and bottom panels, respectively. *, p < 0.05.
were unaffected and p85 levels were slightly decreased (Fig. 3C) . Similar results were obtained after treatment with the calpain inhibitor N-acetyl-L-leucyl-L-leucyl-L-norleucinal (ALLN) for 48 h (Fig. S2) , however, under these conditions p85 levels remained unchanged. These results are consistent with the notion that calpains have a role in regulating p110α levels in vivo.
Calpain Negatively Regulates PI3K/Akt Signaling. In order to evaluate the effects of calpain activity on the modulation of PI3K/Akt signaling, NIH 3T3 cells were serum starved for 18 h and then treated with ALLN for 1 h prior to stimulation with 10% FBS for different lengths of time. The kinetics of serum-induced Akt phosphorylation (Fig. 4A) were found to be faster in cells treated with ALLN relative to DMSO-treated control cells. In addition, cells treated with ALLN showed a larger magnitude of serum-induced Akt phosphorylation relative to cells treated with vehicle (Fig. 4A) . WB analysis of S6K phosphorylation demonstrated that the increased PI3K/Akt signaling activity was effectively propagated to downstream effectors of the pathway (Fig. 4B) .
Further experiments were performed to investigate the interplay between calpain activity and PI3K/Akt signaling. NIH 3T3 cells were serum starved for 18 h and treated for 1 h with ALLN and/or LY294002 (a dual PI3K/mTOR inhibitor), prior to stimulation with 10% FBS for 5 min as indicated. Consistent with previous data, treatment of cells with ALLN resulted in an increase of Akt phosphorylation at both Ser473 and Thr308 relative to vehicle-treated cells and higher levels of basal Akt phosphorylation were also observed (Fig. 4C) . As expected, LY294002 treatment decreased Akt phosphorylation on both Akt sites (Fig. 4C) . Interestingly, the observed increases in Akt phosphorylation upon calpain inhibition were not detected when cells were also treated with LY294002 (Fig. 4C) . These results show that increased phosphorylation of Akt as a result of decreased calpain activity (Fig. 4 A and C) is dependent on LY294002 targets.
We also tested the impact of siRNA knockdown of CAPNS1 on PI3K pathway activity. NIH 3T3 cells were transfected with scrambled or CAPNS1 siRNA and 48 h later subjected to 18 h of serum starvation. Cells were then stimulated with 10% FBS followed by WB analysis (Fig. 4D) . The expression of the catalytic subunit calpain 2, which is consistent with the down-regulation in expression of the regulatory subunit CAPNS1 (33), was significantly reduced by siRNA knockdown of CAPNS1. In line with the pharmacological data (Fig. 4A) , Akt phosphorylation on Ser473 and Thr308 and S6 on Ser240/244 were enhanced in cells with reduced calpain expression (Fig. 4D) . Furthermore, as seen in Fig. 3C , p110α levels were shown to be increased upon calpain inhibition with CAPNS1 siRNA. Taken together, these results reinforce the notion that calpains negatively modulate PI3K/Akt signaling activity in vivo.
Calpain Inhibition Increases Cell Viability During Serum Starvation.
We next investigated the functional impact of calpain activity on the PI3K/Akt pathway. NIH 3T3 cells were serum starved for 48 h, during which calpain and PI3K/mTOR activities were inhibited using pharmacological inhibitors or siRNA knockdown. Inhibition of calpain by ALLN resulted in an approximately twofold increase in the number of viable cells (Fig. 5A) , whereas siRNA treatment increased cell numbers by approximately 50% (Fig. 5B) . As expected, treatment with LY294002 reduced cell viability (Fig. 5 A and B) . Interestingly, inhibition of calpain activity, with either ALLN or with CAPNS1 siRNA, in conjunction with LY294002 treatment opposed the effects of calpain inhibition in increasing viability ( Fig. 5 A and B) . These data thus suggest that the effects of calpain in modulating proliferative signals are at least partly dependent on PI3K/mTOR. These results also indicate that calpain has a role in the negative regulation of PI3K/mTOR-dependent growth and survival during serum starvation.
Discussion
The activity of PI3Ks has to be tightly regulated to allow cells to grow and survive in a controlled fashion and to maintain tissue homeostasis (2, 35, 36) . Accordingly, several mechanisms to control PI3K activity have evolved, some of which (highlighted in the introduction) are relatively well characterized (9, 10, 15, 19, 21, 37) . Regulation by protein-protein interactions is a recurrent theme in biochemistry (12, 13) and several signaling pathway components are known to be regulated by the formation of protein complexes (14) (15) (16) (17) . However, the extent by which protein interactors regulate class IA PI3Ks is not completely understood, perhaps because of the lack of off-the-shelf analytical tools to study transient and low-affinity binding partners.
It may be argued that, in order to regulate PI3K activity, functional binding partners would bind PI3K subunits with distinct stoichiometry as a function of PI3K activation status. Therefore, strategies commonly used to identify binding partners based on the overexpression of the protein bait may not always identify functional binders because functional interactions may on occasion occur through modifications or conformations not known a priori and not necessarily present in overexpressed proteins. We designed an AP-MS strategy based on quantitative LC-MS, which is emerging as a powerful method for the identification of protein-protein interactions (26, (38) (39) (40) to identify functional binding partners of endogenous class IA PI3K. The reasoning was that regulatory proteins would be present at different levels in PI3K IPs extracted from stimulated and resting cells. Therefore, the use of quantitative MS was crucial for the success of these experiments as qualitative analyses did not identify any protein exclusively present in a set of PI3K IPs.
Quantitative MS identified three proteins that matched our (arbitrarily chosen) criteria to be considered a dynamic binding partner of PI3K (Fig. 1B) . The selection criteria included proteins with a relatively modest fold change (twofold), as we anticipated a dynamic relationship, but with stringent MS data quality (both qualitative and quantitative) and biological reproducibility. CAPNS1 was consistently found to be more abundant in IPs taken from starved cells in all three experiments (Fig. 1E) . CAPNS1 was not the candidate with the highest fold change; however, it was of immediate interest due to its known role in the cleavage of other signaling proteins (29) and its implication in Akt signaling (41) (42) (43) . Calpains have also been implicated in the regulation of multiple biological processes, including apoptosis, autophagy, proliferation, and migration (28, 29, 31) .
Because of the lack of high-affinity antibodies against calpains, studies investigating this enzyme have typically used enzymatic assays to, for example, verify the genetic knockdown of CAPNS1 (32, 33) . Using this analytical strategy, we demonstrated that the active calpain heterodimer associated with PI3K (Fig. 2B) . Our results also suggest that the association between calpain and PI3K is enhanced in response to serum starvation, prompting us to speculate that the association may be an adaptive response to cellular stress.
Consistent with the function of calpains as proteases, p110α, p110β, and p85s (the class IA PI3K subunits expressed in NIH 3T3 cells; ref. 19) were in vitro substrates of calpain 1 and calpain 2 (Fig. 3A) . However, we observed that p110β was cleaved to a much lower extent than p110α, demonstrating that calpain preferentially cleaves p110α over p110β in this assay. Subsequent experiments also indicated that calpain has a role in down-regulating PI3K activity in vitro (Fig. 3B) . Furthermore, inhibition of calpain activity resulted in increased levels of p110α in vivo, whereas p85 and p110β levels were found to be minimally affected by calpain inhibition (Fig. 3C and Fig. S2) .
The regulation of PI3K activity and expression by calpains resulted in a modulation of downstream signaling events. Indeed, pharmacological and siRNA inhibition of both calpain isoforms produced an enhancement of PI3K pathway activity as assessed by phosphorylation of downstream proteins (Fig. 4 A, B, and D) and cell viability during serum starvation (Fig. 5) . Because these activities appear to be dependent on PI3K/mTOR (Fig. 4C and Fig. 5 ), we propose that calpain negatively regulates the PI3K/Akt signaling pathway activity via its interaction with PI3K. Pharmacological inhibition of calpain was previously shown to induce Akt phosphorylation in human neutrophils and monocytes, although no mechanism was described (42, 43) . However, another study showed that CAPNS1 knockout in mouse embryonic fibroblasts resulted in decreased Akt phosphorylation compared to wild-type cells when treated acutely with media free from amino acids and serum, and it was proposed that the phosphatase PP2A is a substrate of calpain (41) . Our results indicate that the association between PI3K and calpain increases as serum starvation is prolonged; therefore, the PI3K-mediated effects of calpain on Akt phosphorylation that we observed are unlikely to occur during the short starvation treatments (up to 20 min) used by Bertoli et al (41) . Taken together, these data reflect the complexity of the regulation of cell signaling in vivo and suggest that calpains may have a role in the regulation of multiple nodes of the signaling network.
Recently, it has been proposed that cellular PI3K levels are dynamic and that this confers protection to the overall cell population in a culture because the PI3K/Akt pathway is only active in a subset of cells at a given time (44) . This work by Yuan et al. showed that p110α levels in immortalized human MCF10A breast epithelial cells were regulated through a cycle of proteasomal degradation and resynthesis. Here we have shown that calpain protease activity may have a role in this process, or it may represent an additional mechanism for the regulation of p110α stability under certain circumstances, such as during stress.
In conclusion, our results demonstrate that calpains interact with class IA PI3K and that this interaction has a functional role in controlling PI3K p110α activity and stability. Our work further suggests that this calpain-PI3K interaction may have an important role in the regulation of signaling activity in response to stress during serum starvation, and thus it could potentially be a previously undiscovered mechanism by which PI3K/Akt pathway deregulation contributes to pathogenesis.
Materials and Methods
Antibodies and Reagents. See SI Materials and Methods for further details.
Cell Culture. NIH 3T3 cells were cultured in DMEM supplemented with 10% FBS, 100 units∕mL penicillin and 100 μg∕mL streptomycin at 37°C in a humidified 5% CO 2 atmosphere.
Immunoprecipitation. Cells were lysed in buffer containing 50 mM Tris·HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.3% CHAPS. Clarified lysates were precleared with sepharose G prior to incubation with antibodies for 2-18 h at 4°C followed by incubation for 1.5 h with sepharose G at 4°C. For p85 IPs a 50∶50 mixture of anti-p85 06-195 (Upstate) and anti-p85 06-497 (Upstate) was used at a ratio of 2 μL per milligram protein. For calpain IPs a 50∶50 mixture of anti-calpain sc-30064 (Santa Cruz Biotechology) and anti-calpain 2 2539 (Cell Signaling Technology) was used at a ratio of 20 μL per milligram protein.
In-Gel Digestion. Purified protein complexes were loaded on a 1D 10% SDS-PAGE. After separation, proteins were visualized by colloidal Coomassie brilliant blue staining and the gel was sectioned. Digestion of gel-immobilized proteins was performed as described in ref. 45 except that extracted Fig. 5 . Effects of calpain activity on cell growth and survival. Viability of NIH 3T3 cells serum starved for 48 h and treated simultaneously with (A) DMSO, ALLN, and/or LY294002, or (B) scrambled siRNA, CAPNS1 siRNA, and/or LY294002. Data points are mean AE SEM (n ¼ 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
peptides were dried using a Christ Rotational Vacuum Concentrator (RVC 2-25) before resuspension in 0.1% (vol∕vol) trifluoracetic acid.
LC-MS/MS. LC-MS/MS analysis was performed as described in ref. 46 (SI Materials and Methods).
MS Data Analysis. Mascot search engine (v2.2.02) was used for protein identification (47) and Pescal was used for protein quantification (48) (SI Materials and Methods).
Lipid Kinase Assay. Lipid kinase assay for PI3K activity was performed as described in ref. 34 .
Immunoblotting. Cells were lysed in buffer containing 1% Triton X-100 and denatured by boiling with DTT-containing loading buffer. Proteins were resolved using 8-12% SDS-PAGE and transferred onto polyvinylidene fluoride membranes, prior to blocking with 5% milk and incubation with primary antibodies. Binding was visualized using horseradish peroxidiseconjugated secondary antibodies and luminescence.
